Precise dielectric properties (DPs) of biological tissues play an essential role in the development of non-invasive microwave diagnostic and therapeutic systems. There is much information in the literature about DPs of healthy tissues; however, there is a gap in DPs of unhealthy tissues and DPs of tissues at different ages. Each tissue can be described by DPs of its solid fraction and water content values. The observed DPs of tissue changes with the level of tissue' s water content (increase or decrease) according to the condition of the tissue (i.e., pathology and age). For the current study, DPs of solid fraction and water content of 19 different tissues from 61 pigs of different ages were measured and used to generate DPs of those tissues under different conditions using a simple mathematical model. The dry-weighing method was used to determine the water content of tissues, and DPs of their solid fractions were measured. Then, the DPs of those tissues were generated using the proposed method and found to be in a good agreement with previously published data, as well as with the measured data in this article. This article confirms the potential of using DPs of the solid fraction and water content to calculate DPs of tissues at any age or pathology.
the changes in DPs of tissues due to different pathological changes [6] [7] [8] [9] [10] [11] [12] [13] [14] .
The structure and composition of tissues control these properties; tumor tissues tend to have higher DPs (i.e., relative permittivity and conductivity) compared to healthy tissues. Previous investigations indicated that water content (W C) changes due to age and pathological changes [15] [16] [17] . For example, W C of tissues decreases with age, whereas unhealthy tissues, such as a tumor, has a higher W C compared to healthy tissues. However, those studies were limited to the investigated cases only, and there is no general information that can be applied to all tissues on different conditions. In [18] , Maxwell Garnett and Bruggeman mixing formulas were used to predicting DPs of healthy tissues; however, the study was limited to only two types of healthy tissues (i.e., liver and muscle). In addition to the effect of the pathological change, researchers also investigated the temperature-dependent DPs of different tissues during microwave thermal ablation [19] [20] [21] . Merging all available data of DPs for biological tissues reveals extensive DPs of healthy tissues. However, the effect of age [22] , [23] and pathological change are limited in the available data [5] , [7] , [12] , [14] , [24] , [25] .
Biological tissue is a heterogeneous material, which contains water, dissolved organic molecules, macromolecules, ions, and insoluble matter [22] , [23] . Thus, W C and the dielectric properties of the solid fraction (DPSF) are the main features of any organ tissue. The healthy type exhibits specific DPs based on their physiological composition (i.e., W C and DPSF) and any change in the tissue's physiological composition leads to changes in those properties. DPSF tend to have a specific value depending on the tissue type and do not change with the tissue conditions [17] , [22] , [26] , [27] . Therefore, any change in DPs resulting from the previously mentioned conditions is correlated with the variation in W C of tissues [15] , [17] , [22] , [23] , [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . Different health conditions affect W C level of tissues. For example, W C of healthy liver is in the range of 71-75%, while W C for cirrhotic and jaundice liver are in the ranges of 81-85%, and 66.6%, respectively [27] , [37] . Also, some tissues are age-dependent, and this is related to the fact that the body of a newborn contains a higher water content value of 75-80% compared to an adult with 60% [15] , [22] , [26] , [28] .
The objective of this work is to present a simple approach that can be used to generate useful DPs data of biological tissues for the research field of microwave imaging using two parameters, DPSF and W C. For this purpose, pigs at different ages were selected as experimental subjects. The DPSF and W C of different tissues were measured at microwave frequencies.
Those two parameters were then used to generate DPs of tissues with different health and age conditions.
II. METHODS AND MATERIALS
The DPs (i.e., relative permittivity and conductivity) of any healthy biological tissue can be expressed as
where ε r (ω), ε r (ω), ε o , ω, and σ are the effective relative permittivity, dielectric loss, the permittivity of free space, angular frequency, and the equivalent conductivity of the tissue, respectively. Since the biological tissue is mainly composed of the solid fraction (SF) and water, the mixing theory of materials can be applied on biological tissues. Thus, (1) can be expressed as [38] ε
where ε W (ω) is the frequency-dependent DPs of water at 37 o C (the body temperature) [39] , ε SF (ω) is the frequency-dependent DPSF, and β is the fractional water content of tissues. The parameters ε SF (ω) was obtained by measuring DPSF of dried tissues from pigs at different ages, whereas β was obtained using W C, as explained in the following sections. To cover all the growth stages, three different age groups were included in this study: piglets (weight: 1.5-5 kg), young pigs (weight: 5-10 kg) and adult pigs (weight: 250-300 kg). The work was done under two ethical approvals from the Animal Ethics Committee of the University of Queensland: (SVS/185/17) and (ANRFA/ITEE/409/16). All the animals were obtained from the University of Queensland Gatton Campus Piggery Unit for this study. Pigs (young and adult) were euthanized, while piglets were already dead from natural reasons in the piggery unit. The tissue samples of 19 different organs including brain grey matter, brain white matter, cerebrospinal fluid (CSF), spinal cord, blood, skull, skin (face, abdomen, back and hind-limb), cartilage, fat, kidney, heart, muscle, spleen, liver, lung, testes, bone (tibia), intestine and bone marrow were surgically extracted from the animal body directly after death. For each type of tissue, three samples were obtained, and each sample was divided into two parts and stored in a pre-weighed plastic container sealed with a cap to avoid dehydration. The first part was used to determine W C for each type of tissue after the drying process was completed; DPSF of the remaining tissue were then measured. The second part was used to measure DPs of freshly extracted tissues for evaluation and comparisons purposes.
A careful process was used to ensure proper collection and preservation of tissues. For CSF samples, a spinal tap (lumbar puncture) was performed to withdraw the CSF samples through a (20G × 90 mm) spinal needle from the spinal canal of both pigs and piglets. The needle was inserted through the skin in between the nearby bony building blocks (vertebrae) into the spinal canal. The needle was placed between the 3 rd and fourth lumbar vertebrae. Spinal fluid pressure was used to remove the CSF for testing. The sample was directly stored in a 10 mL glass vial. For skin samples, the area of the skin to be collected was cleaned, shaved, and dried before skin samples were collected. The samples of bone tissue were obtained from the surface animal long bone (forelimb). For brain tissues, a coronal section was made at the level of the retrochiasmal region. Sample weight around 30 g was taken for all tissues, except for periventricular white matter, cortical, grey matter and CSF, where only 1.5-2 g was obtained. Fig. 1 provides a diagram showing the procedures for generating DPs of biological tissues.
A. DPs Measurements of Tissues
The dielectric measurements (DPs) were carried out on fresh and dried tissue samples at 25 • C (room temperature) across the frequency band of 0.5-14 GHz, and 0.5-4 GHz, respectively. A Keysight open-ended coaxial dielectric slim probe (N1501 A), as shown in Fig. 2 (a) was used for measuring DPs of freshly extracted tissue samples. For dried tissue samples, it was hard to obtain good contact between tissues and the probe. Therefore, the tissue samples were at first homogenized to a smooth powder of the dried tissue material using a variable speed laboratory blender to allow an accurate measurement of the dried tissue. SPEAG DAK 3.5 dielectric probe depicted in Fig. 2 (b) was then used to measure DPs of those samples, because DAK-3.5 probe has an adjustable force that can be used to compress the dried tissues powder and remove any air gap between the probe and tissue.
Each probe was connected to a Keysight Fieldfox N9926 A Vector Network Analyzer (VNA) and controlled by a laptop. Cotton tissues were used to clean the probe after each measurement to avoid any leftover material from the previous measurement. The procedures reported in [6] were used as a guideline to ensure accurate data collection. Suitable sample weight (i.e., size and thickness) was used to constitute a semiinfinite loss sampling volume for the used probe [6] . For each sample of homogenized tissue, 3-5 consecutive measurements were recorded and averaged to ensure the reproducibility of the measured data.
A Keysight open-ended coaxial slim probe (N1501 A) was calibrated using three standards calibration procedure; namely, air, short-circuited stub, and deionized water [6] and used to measure freshly extracted tissue samples. Calibration was maintained throughout the measurement session to avoid any drift and reduce errors.
For dry sample measurements, the dielectric probe (DAK-3.5) was also calibrated using a standard calibration procedure (air, short-circuited stub, and dielectric load). Based on DAK user guide, the load calibration depends on the types of the material under test whether it is liquid, solid, or semi-solid. Therefore, for the dried tissues, eccostock disc is recommended. The disc material has a known relative permittivity of 2.538 and tangent loss of 0.005, which are frequency-independent across the whole range of the probe. Moreover, the disc has a flat and polished surface that makes good contact with the flanges of the probe.
To evaluate the accuracy of calibration for both measurement set-ups, DPs of a standard reference liquid (0.1 M NaCl solution) were measured and used to check the total combined uncertainty (TCU) for each dielectric probe following the procedure explained in [40] . TCU consists of the evaluation of random error using the standard deviation of the mean for repeated measurements of the reference liquid. In addition, the level of systematic error was obtained by calculating the tolerance of measured DPs concerning Cole-Cole model in [40] . The calculations were performed at each frequency, then averaged across the entire band (0.5-14 GHz) and both random and systematic errors were pooled to calculate the TCU. In the case of the Keysight probe, uncertainty components for random error in relative permittivity and conductivity are 2.53% and 1.47%, respectively, whereas the uncertainty components for systematic errors in relative permittivity and conductivity were 1.24% and 3.25%, respectively. On the other hand, for DAK dielectric probe, uncertainty components for random error in the relative permittivity and conductivity were 0.81% and 0.73%, respectively, while, uncertainty components for systematic error in relative permittivity and conductivity were 0.91% and 2.61%, respectively. It can be seen that the calculated TCU of both probes are small and prove a good calibration accuracy of the measurements.
B. Water Content Measurements of Tissues
The total water in biological tissues is the sum of free and bound water. A lyophilisation or freeze-drying method was used to measure the total W C of each type of tissue without harming the sample. The procedures involved measuring the weight of the tissue samples before and after the freeze-drying method. The process utilizes direct transition between the solid-state (frozen water) and gaseous state without passing through the liquid phase.
For this study, an ALPHA 1-2 LD plus freeze dryer was used to extract the water from tissue samples. The process was started by cutting the non-liquid sample of freshly excised tissue into small pieces. The layer thickness of the tissue samples did not exceed 2 cm to limit the required drying time. The samples were weighed and stored in pre-weighed plastic containers sealed with a cap. Due to the centrifugal force, the liquid to be frozen will rise on the wall of the bottle and freeze. Therefore, liquid samples, such as CSF and blood, filled a half volume of 10 mL glass vial.
Each tissue was weighed using a Kern scale to an accuracy of 0.01 g. This initial weight was known as the wet weight (W W ). In the first quarter of the main drying process, about 50% of W C was condensed. This procedure continued until the drying curve approached the time axis asymptotically. This typical drying curve was adopted because the area of sublimation recedes into the product, and the water vapor still to be extracted has to pass through the already dried layers.
The freeze-drying process was periodically stopped, approximately every 12 hours, to allow the sample to be re-weighed. When the weight of the sample did not change between two successive measurements, the drying process was completed. For all small samples, a minimum of 25 hours time frame was required to obtain the dry weight (DW ), however, for large samples, a longer period of time was necessary. The percentage value of W C of each sample is calculated according to the following equation:
III. RESULTS AND DISCUSSION

A. Results of DPs Measurements of Tissues
The DPs of both fresh and dried tissue samples of animals at three age groups: piglets (weight: 1.5-5 kg), young pigs (weight: 10-50 kg), and adult pigs (weight: 250-300 kg), were measured. For freshly extracted tissue samples, measurements were performed across the frequency band of 0.5-14 GHz using a Keysight slim probe Fig. 2(a) . The measured data is used later in this section alongside with previously published data to evaluate the accuracy of the proposed approach in this study. Next, DPsof dried tissues (i.e., DPSF) were measured using DAK probe Fig. 2(b) . Good calibration was observed across the frequency band of 0.5-4 GHz using eccostock dielectric load and the average values of measurements with maximum standard deviation of (±0.42) are shown in Fig. 3 .
The measured data shows that DPSF for each type of tissues has a specific value that depends on the tissue type. Among all the animal ages, the measured relative permittivity at 0.5 GHz of SF for skin has the highest value of 27.8 ± 0.3, whereas SF for bone has the lowest value of 3.35 ± 0.23. The measured relative permittivity of the SF for the rest of the tissues vary between these two values. The relative permittivity of SF for muscle, blood, spleen, heart, kidney, intense, testes, grey matter, white matter, skull, lung, spinal cord, CSF, fat, and cartilage vary between 26.5 ± 0.35 for muscle and 4.3 ± 0.3 for fat. The measured conductivity of all dried tissues have very low values as expected for dried tissues with no water.
For fair comparisons, the measured DPs of both dry and fresh tissues were modeled across the band of 0.5-20 GHz. To that end, a Cole-Cole model [41] was applied to all the tissue types listed in this study. This simple model provides a good fitting and is widely used to describe DPs of biological tissues. In this study, a single order Cole-Cole was applied using the following expression:ε
whereε(ω) is the complex relative permittivity, ε = ε s − ε ∞ , ε s and ε ∞ are the permittivity at low frequencies (ωτ 1) and high frequencies (ωτ 1), respectively, τ is the relaxation time constant, α is a parameter that allows for the dispersion broadening, and σ s is the static conductivity term. The leastsquare minimization technique was used to numerically model measured DPs of both dried and fresh tissue across the frequency band 0.5-20 GHz (each tissue is modeled separately). The modeling parameters of all the dried and fresh measured data are shown in Table II (see Appendix) . The results are reported with confidence intervals of 95% for dried and fresh tissues. The relative permittivity at an infinite frequency (ε ∞ ) remains between 4.4 and 5.2 for fresh tissues, whereas for dried tissues, it is between 0.8 and 1.2 (data not shown in Table II ). For both types of tissue (i.e., fresh and dried), this variation does not play a significant effect on the other modeling parameters. Therefore, the value of this parameter is fixed at 4.8 and 1 for fresh and dried tissues, respectively. The exact value can be compared to that of water, which has a value of 5, knowing that a fresher tissue has a high W C compared to dried tissues with zero W C. The relaxation time (τ ) of dried tissues is lower than the relaxation time of fresh tissues as expected. This agrees with the fact that fresh tissue has a bound water molecule with a value that depends on the tissue type, while dried tissue has water-free molecules. In addition, the conductivity of fresh tissues is high and depends on the tissue type.
B. Results of Water Content Measurements of Tissues
Equation (3) was at first used to calculate W C percentage of blood and all other tissues. Next, W C of each tissue type resulting from (3), except blood, was corrected for W C of residual blood following the guideline explained in [41] [42] [43] . The resulting data were expressed as a mean value and standard deviation (SD), by subtracting W C of blood from the total W C of each tissue type. Table I shows the measured W C of pig tissues at different age groups: piglets (weight: 1.5-5 kg), young pigs (weight: 10-50 kg), and adult pigs (weight: 250-300 kg). In general, W C of all tissues for piglets shows the highest W C values than older pigs. The results of measured W C of the tissues (bone marrow, skull, fat, and white matter) showed a significant difference with animal age. Taking the values measured in piglets as a reference, W C values of bone marrow, skull, fat, and white matter in piglets are higher than those for adults by 62%, 40%, 26.9%, and 12%, respectively. The reason is mainly related the fact that neonate's body contains W C of about 75 − 80 and during the growing stage, a rapid expansion in the structure and volume of tissues resulting in a reduction of W C to about 60 [15] , [26] , [28] . For example, bone marrow in infants contains mostly hematopoietic cells (red bone marrow), which are responsible for generating red blood cells. As the newborn ages, red bone marrow is replaced by fatty, adipose marrow (yellow bone marrow), which results in lowering W C of bone marrow.
A comparison was made with the measured W C presented in [32] , [33] as reported in the last two columns of Table I to validate the accuracy of our measured W C. The comparisons are performed for adult pig tissues (weight: 250-300 kg), and the result shows no significant difference except for white matter, skin, and bone. In the case of brain tissues, the measured W C of grey and white matter demonstrates a difference of (1.3%, 5.2%), and (1%, 7.3%), respectively compared to brain tissues in [32] , [33] , which discussed the brain as a single tissue without distinguishing between grey and white matter ( Table I ). The measured W C of skin (face, back, and belly) in this study showed an increase of (16%, 21%, and 15.9%) and (6.1%, 10.5%, and 5.9%) compared to the relevant data in [32] , [33] , respectively. The measured W C of bone in this study is lower by 28.3% than the values listed in [33] . These differences are mainly related to the animal type, the drying process, and tissue location. In our study, pig' s tissues and freeze-drying technique were used to obtain the results, compared to [33] , rat tissues and desiccation technique were used. It should be noted that the related literature [44] stated that the W C of bone could differ by more than 55% depending on the bone type and location.
IV. DPS GENERATION USING WATER CONTENT AND DPSF MEASUREMENTS
A. DPs Generation of Healthy Tissues
To calculate DPs of healthy tissues, (2) was applied across the frequency band of 0.5-20 GHz using the previously measured DPSF (modeled data is used here) and the measured W C in Section III. As an example, the calculated DPs is demonstrated for selected tissues including white matter, grey matter and bone marrow of pigs at different age groups: piglets (weight: 1.5-5 kg), young pigs (weight: 10-50 kg), and adult pigs (weight: 250-300 kg) as shown in Fig. 4(a) -(c). A comparison was made between this study's generated DPs, and measured DPs as well as the measured DPs in [41] . The comparison results of all ages showed a consistent and close agreement between both the measured data published in [41] as well as measured data in this study. For instance, the difference between the calculated and measured [41] relative permittivity and conductivity for white matter, grey matter, and bone marrow for adult pigs (weight: 250-300 kg) are (4.2%, 8%), (2.95%, 5.6%), and (9.8%,11%), respectively. On the other hand, differences between our calculated and measured values for the same tissues are in the range of 1-3.6%. 
B. DPs Generation of Different Unhealthy Tissues
In this section, DPs of unhealthy tissues resulting from different pathological conditions were generated using (2) .
The included examples are unhealthy liver (cirrhotic liver, hepato-lenticular degeneration, and jaundice), lung (lung adenocarcinoma), muscle (muscle rhabdomyosarcoma), and brain (gliomas). The measured DPSF in this study and W C data of each type of unhealthy tissues were used in the calculation. Since only W C of healthy tissues was calculated, W C of those unhealthy tissues was gathered from different sources and found to be 81%, 78%, 66.6%, 81%, 85% and 90% for cirrhotic liver, hepato-lenticular degeneration, jaundice, lung adenocarcinoma, muscle rhabdomyosarcoma and gliomas, respectively [12] , [14] , [27] , [29] , [36] . Then, DPs of those unhealthy tissues across the frequency band of 0.5-20 GHz were generated using (2), and the results are shown in Fig. 5 . A comparison was made with published data for human and rat to verify the accuracy of the generated data. The comparison of DPs (i.e., permittivity and conductivity) shows a small difference when compared to the DPs in [9] , [12] , [14] , [29] . The differences between the generated and measured DPs data in [9] , [12] , [14] , [29] at 0.9 GHz are 1.4-3.1% in the relative permittivity, and 1.2-1.65% in the conductivity for cirrhotic liver, lung adenocarcinoma, and gliomas, respectively.
V. CONCLUSION
To fully characterize tissues at different pathology and age, DPs of solid fraction (DPSF) and water content (W C) were measured. A simple mathematical approach that uses the DPSF and W C was utilized to generate DPs of any tissue across a wide band frequency range. To obtain those parameters, the tissues were first dried using drying-weighing method. Then DPSF were measured, and W C of healthy tissues was found by calculating the difference between dry and wet weight. These two parameter were used to generate DPs for healthy tissues. The generated data was compared with the published data and measured values of freshly extracted tissues in this study. The comparisons for healthy tissues show a good agreement with the published and measured data in this study. In addition, DPs of tissues at different ages along with different unhealthily tissues were generated using the same approach. In the case of unhealthy condition, the DPSF with the gathered data of W C were used to generate DPs. The comparison between our generated data and those available in the literature shows a good agreement. For the age condition, DPs were also calculated using the proposed method and the results show a close agreement with the published data and also with the freshly measured tissues in this study. Overall, the results presented in this study verify the potential of using the DPSF and W C to accurately generate DPs of biological tissues under different health and age conditions.
APPENDIX
In this paper, the modeled Cole-Cole DPs from dielectric characterization of 19 tissues for three different age categories are given in Table II.  TABLE II  FITTING PARAMETERS TO (4) OF MEASURED DPS OF DRY AND FOR THE UNHEALTHY CASE, FRESH PORCINE TISSUES OF PIGS AND PIGLETS. THE ± TERM  CORRESPONDS TO 95% CONFIDENCE INTERVALS FOR DRY AND FRESH TISSUES 
